Abstract-This paper proposes a novel cooperative composite energy harvesting system that consists in the association of a traditional passive UHF Radio Frequency Identification (RFID) chip with an Electromagnetic Energy Harvesting Circuit (EEH-C). The objective is to exploit the i-v nonlinearity of the rectifier by applying a signal with time-varying envelope in order to improve the RF-to-dc conversion efficiency. Thanks to a multisource configuration, i.e., an RFID reader at 0.868 GHz and an external source at 2.45 GHz, the EEH-C is able to rectify the harmonic product of the RFID chip, in addition to the 2.45 GHz signal, without compromising the RFID communication. Additionally, digitally modulated signals are used at 2.45 GHz to further enhance the harvesting efficiency of the EEH-C. From theory, simulations and measurement it is demonstrated that the exploitation of the three nonlinear effects of rectifying circuits, i.e., (i) impedance power dependency, (ii) harmonic signals production, and (iii) waveform dependency can greatly improve the conversion efficiency of the EEH-C.
trol and security. Sixty years after the publication of its principle of operation [1] , the RFID technology continues being part of the «« top ten »» technologies worldwide. The scope of the RFID technology is nowadays not only limited to the identification and tracking of inventory, but it is capable to collect and compile massive amounts of detailed real-time data in different types of environments around us. Therefore the evolution of RFID opens the way for a plethora of new applications in the area of Internet of Things (with 50 billion connected objects expected for 2020), Smart Skins, Man-to-Machine and Cognitive Intelligence [2] .
This growing interest is primarily related to the significant benefits of passive Ultra High Frequency (UHF) RFID, in particular, its passive and wireless features that provide decisive practical advantages. For passive UHF RFID tags the reader transfers energy wirelessly to the tag by sending Radio Frequency (RF) power (at 868 MHz in Europe and in 902-926 MHz band in US) that the tag must collect and transform into dc power to operate and respond using the backscattering modulation technique [3] . Consequently the passive RFID technology naturally embeds the principle of Wireless Power Transmission (WPT) using an intentional Electromagnetic (EM) source.
However the requirement of additional functions for smart tags has strongly raised the need of additional sources of energy [4] . The idea of the tag-sensor approach is to associate new sensing capabilities to the tag while it is still enjoying the identification functionality and all this in a wireless environment. Many studies have demonstrated the possibilities of this concept in different contexts, e.g., for industrial or urban areas, agricultural zones, or Body Area Networks (BAN). A wide variety of sensor capabilities have been also shown: temperature, pressure, humidity, deformation, crack width, accelerometer, chemical sensors, etc. Two types of implementations are used where either the tag integrates the sensor or the sensor function is integrated in the tag [5] . In the first case, the difficulties reside in the supply autonomously the sensor via the rectifier circuit of the tag itself (very constraint solution) or via another energy recovery circuit. Among the possible energy sources, the natural or ecologic sources such as solar, thermal, kinetic are of first interest. However and always with an ecofriendly regard, the presented work only focuses on the EM sources and proposes a new and original cooperative powering system that exploits wasted EM energies. The approach consists in the association of a traditional passive UHF RFID tag with an Electromagnetic Energy Harvesting Circuit (EEH-C) that efficiently performs RF-to-dc conversion from an RF source at 2.45 GHz combined with the harmonic product generated by the chip (so-called ).
Contrary to some works in the literature that present a cooperative harvesting operation by adding the dc outputs of different harvesters, i.e., at dc level [6] , [7] , It is worth noting that the cooperation proposed in this approach is done at RF level, i.e., it is based on the co-existence and mutual cooperation of two RF systems (EEH-C and RFID chip) without compromising the communication function.
The proposed study covers all the aspects from theory, simulation and experimental results in order to highlight the three nonlinear effects of rectifying circuits exploited with mutual benefits: (i) impedance power dependency [8] , (ii) harmonic signals production [9] , and (iii) waveform dependency [10] .
The paper is organized as follows. In Section II, the stateof-art and underpinning theory about the exploitation of the nonlinear i-v characteristic of rectifier circuits used in this composite system are exposed. Section III introduces the original composite harvesting system proposed in this work and explains the design methodology of the system. Section IV presents the results of an in-depth simulation study based on the multisource operation and the rectification. In Section V, the approach is validated by means of experimental tests using conducted measurements. Finally Section VI draws the final conclusions and associated perspectives.
II. REVIEW AND THEORY
The proposed work builds on the possibility of enhancing the RF-to-dc conversion efficiency of rectifier circuits by applying a multi-frequency excitation signal. The nonlinear i-v characteristic of rectifier circuits can potentially lead to an enhanced RF-to-dc conversion efficiency when they are excited simultaneously by more than one signal relative to a single Continuous Wave (CW) signal of the same average power, such as the signal provided by the standard RFID reader. This effect was verified experimentally in [11] , where the performance of a wideband rectifier was tested using pairs of CW tone signals with different frequencies and power levels. In [12] , an improvement in the read range of passive RFID tags of up to 24% was obtained by interrogating them using multi-tone signals with up to 8 subcarriers which were named power-optimized waveforms.
A composite signal of a number of tones, or alternatively a finite bandwidth signal with arbitrary modulation can be expressed mathematically in a general form as a (multi-harmonic) signal with a time-varying envelope. A time-varying envelope results in the presence of instantaneous power peaks in the signal and a certain Peak-to-Average-Power-Ratio (PAPR). An improvement in the rectifier RF-to-dc conversion efficiency using Quadrature Phase-Shift Keying (QPSK) modulated input signals was reported in [13] . Interest in the potential efficiency improvement by tailoring the transmitted signal envelope properties has spurred a number of subsequent publications studying the effect of efficiency and the PAPR of multi-sine signals [14] [15] [16] , or modulated signals [10] , [17] and even white noise and chaotic waveforms [10] , [18] . In [19] an efficiency improvement compared to CW signal was demonstrated using a composite 2-tone signal which included two approximately harmonically related tones at 0.810 GHz and 1.580 GHz. In the work presented here, a composite energy harvesting system is considered which includes two rectifier circuits, one operating at the fundamental UHF RFID frequency of 0.868 GHz and a second one operating near its harmonic. The reason behind the choice of the second operating frequency band is two-fold, first in order to potentially recover energy from generated harmonic products from the first rectifier circuit, i.e., the RFID chip, and second to harvest energy from digitally modulated signals corresponding to existing ambient transmissions at the 2.4 GHz Industrial Scientific and Medical (ISM) band such as nearby Wi-Fi routers.
It should be emphasized that the efficiency improvement is dependent on the average power of the input signal [10] , [11] , [15] , since the increased instantaneous peak power may drive the nonlinear rectifying element (e.g., Schottky diode) in its breakdown region which results in increased dissipation losses, or lead to impedance mismatch at the input of the rectifier which results in reflection losses and subsequently a reduction in the obtained efficiency. In summary, the actual improvement in efficiency is a function of the signal properties such as its average power and envelope characteristics like its PAPR, the nonlinear rectifying device i-v characteristic, as well as the input matching network of the rectifier and rectifier load.
III. COMPOSITE ENERGY HARVESTING SYSTEM
With the intention to profit from the nonlinear i-v characteristic of rectifier circuits in presence of time-varying envelope signals, a composite signal generated by a composite energy harvesting system (multisource) and will be build. This section describes the composite system. The approach of using a finite bandwidth signal with arbitrary modulation will be later exploited (see Section V) using the same composite energy harvesting system.
A. Frequency Considerations and Power Management
In this work, the RFID communication is set to operate with a fixed carrier at 0.868 GHz as per the regulation in Europe, in where the frequency hopping mode is not implemented [20] . A wider bandwidth centered at 2.45 GHz ISM band is also considered. Indeed frequencies from 802.11 b/g/n Wi-Fi standards with communications channels located between 2.44 GHz and 2.46 GHz are exploited [21] . It is worth noting that the scope of this work does not consider the harvesting power management but only proposes an innovative cooperative harvesting method. However, some complements on the power management trends in harvesting applications are discussed in the following paragraph.
One point to be considered is that most of the ambient RF power densities to be harvested are very low and the produced energy usually is not enough for most continuous electronic functions. However if this energy is efficiently stored over time, realistic functions can be performed in discrete time intervals. Some groups are currently dedicating efforts to study and develop efficient techniques of harvested power-management [22] , [23] . The techniques are based in the co-design of harvester and power-management blocks in order to transfer the energy with minimal loss to the energy storage element and to monitor the energy storage and provide charge control and protection for the energy storage used. The deployment of autonomous nodes including operation functions (e.g., 
identification, moisture or temperature sensing, etc. [24] , [25] ) is possible thanks to the managing and monitoring of the harvested power. The harvesting approach proposed in this paper may be a candidate to integrate such a managing system.
B. System Considerations
The proposed system, so-called augmented tag integrates two sections: (i) the RFID section composed by a passive RFID chip and an RFID reader both operating at 0.868 GHz, and (ii), the Electromagnetic Energy Harvesting (EEH) section composed by an EEH-C and a Wireless Power Transmitter Source (WPT-S) both operating at 2.45 GHz. The schematic of the augmented tag is presented in Fig. 1 and explained below.
• The RFID chip is modeled by a 4 diode-based voltage doubler stages constituting a rectifier circuit with a configuration similar to one used in the Dickson charge pump [26] .
• A dual-frequency Three-Port Matching Network (TPMN) is included to interconnect both the different sections in a common system. The TPMN matches the capacitive impedance of the chip in port 2 to the input corresponding to an antenna (at 868 MHz) and to the of the coupler that goes through the EEH-C (at 2.604 GHz). In the dual-frequency multiport operation context, a design trade-off is done in order to achieve the dual band operation of port 2.
• A directional coupler with 10 dB Coupling Factor (CF) is used to combine the with the WPT-S signal at the input of the EEH-C. It is worth noting that hereinafter all WPT-S power configurations refer to the power injected by the source before the coupler.
• The EEH-C is composed by a single stage of a voltage doubler and a matching network centered in 2.45 GHz. A first value of is as the load that allows achieving the higher RF-to-dc conversion. The value is driven by the load input value of the dc input of a RFID EM432 chip where the dc energy could be consumed in an application example [27] . The EEH-C design is similar to the one proposed in [13] .
• The RFID reader and the WPT-S are modeled by two RF sources. Simulations consider for both, the RFID reader and the WPT-S, CW signals. Contrary the experimental part considers ASK RFID signals for the reader and different modulations for the WPT-S.
• The propagation losses in a real scenario, in where transmitting and receiving antennas are used are considered by the parameter channel losses in Fig. 1 .
C. System Design Methodology
Advanced Design Software (ADS) simulation tools from Keysight are used for the design of each section and its integration to constitute a single system. Three main steps define the design methodology:
• The step is the modeling of the RFID chip. Using the Large-Signal S-Parameters (LSSP) and Harmonic Balance (HB) tools, the RFID chip model is optimized at 0.868 GHz and for input power, considered to be its activation threshold (EM 43235 RFID chip is used). Three main directives leaded the model design: (i) nonlinearity, i.e., harmonic generation and impedance-power dependency should be reproduced; (ii) the model should present a capacitive input impedance comparable to the ones reported in commercial RFID chips [9] ; (iii) under power regulations, the model should produce at least 1V of dc required to activate the logic part of the chip [24] . A first value for that allows complying with the directives is here selected. The dc management and voltage regulator for high dc levels are out of the scope of this work. Fig. 2 depicts the input impedance of the RFID chip model at its activation threshold; at 0.868 GHz the model presents as impedance. • The step is the TPMN design using the S-parameters tool and considering in first approach the other devices as linear in order to define its topology. The dual-frequency functionality of the TPMN with addition to three impedance matching functions represents the major difficulty for its design. Being the redirection of towards the EEH-C the key of the proposed approach, the TPMN design is foremost driven by this priority.
• The step is the system integration performing the TPMN optimization. This step uses LSSP and HB tools and considers the nonlinearity of the RFID chip and EEH-C. The optimization goal is to satisfy the 1 V requirement at the RFID chip dc output and to maximize the level at the EEH-C input. Two limit configurations of the power injected into node 1 of Fig. 1 are defined: represents the power that allows activating the augmented tag, and represents the power when the reader transmits the maximum allowed by regulations [28] . Fig. 3 shows the dc output of the RFID in function of the power delivered by the WPT-S and for the two reader power configurations injected into node 1. The 1 V dc voltage need is satisfied and its output does not depends on the WPT-S power, then validating the correct operation of the TPMN. From the presented methodology, the last optimization step leads to the optimal component values of the system detailed in Fig. 1 . Table I presents the reflection coefficient and quality factor of the optimized TPMN. The dual band matching trade-off at port 2 presents a slightly diminished reflection coefficient at 868 MHz, i.e., , prioritizing the one at 2.604 GHz, i.e.,
. The diminished matching at 0.868 GHz is enough to activate the chip satisfying the three modeling directives above exposed. From the presented model, the proposed full system in terms of the nonlinear exploitation is in-depth studied in the next section.
IV. SIMULATION STUDY
The aim of this section is to highlight and quantify the nonlinear contribution of the cooperative system above modeled. The power matching, multisource operation, rectification and its effects on the RF-to-dc conversion efficiency of the EEH-C are notably studied. 
A. Contribution of the RFID Chip Nonlinearity
In order to quantify the nonlinearity introduced by the RFID chip, i.e., the level, a linear model of the RFID chip is used as a comparative reference. The linear model, which does not produce any harmonic nor changes its impedance respect to the power, consists of the impedance file of the nonlinear RFID chip model calculated at its activation threshold.
Let assume an RFID reader that communicates with the augmented tag (considering 0 dB tag antenna gain) for 1 m distance between each other (i.e., 31.21 dB of propagation losses at 0.868 GHz). If the augmented tag sensitivity is , the power injected into node 1 of Fig. 1 , so-called , should be equal to . The maximum power injected into the same node, considering the propagation losses in agreement with the regulations [28] and so-called , would be approximately 5 dBm. Additionally, three WPT-S power configuration cases are defined:
• (case 1) which corresponds to the injected power into the augmented tag by a Wi-Fi router transmitting at its maximum allowed Equivalent Isotropic Radiated Power (EIRP), i.e., 36 dBm at 1 m distance [21] ; • (case 2) which corresponds to the injected power into the augmented tag by the same Wi-Fi router distanced 3 meters; • WPT-S is off (case 3).
Hereinafter the values of , and the three WPT-S power configurations are kept constant for all the simulation tests.
In order to quantify in function of the reader power, the Power Spectral Density (PSD) calculated at the EEH-C input Fig. 1 . There is not generation of harmonics due to the chip but a weak harmonic coming from the reader. Finally, small variations on the 2.45 GHz signal strength due to the reader power injected into node 1 can be also observed. This phenomenon is studied in detail in subsequent paragraphs.
B. System Performance
The key parameter to evaluate the EEH-C performance is the RF-to-dc conversion efficiency defined as the ratio of the dc output power by the RF input power into the EEH-C . Given the multisource operation and the exploitation approach, a fair evaluation of the EEH-C needs an accurate definition of . From the PSD analysis shown in Fig. 5 , the RF signals that significantly contribute to are: the power at 0.868 GHz leaked from the reader , the power at 2.45 GHz coming from the WPT-S , and the power at 2.604 GHz due to the contribution . The intermodulation products observed in the PSD are very weak and therefore noncontributory to . With these considerations, of the EEH-C is defined in (1) (1)
1) Effects of the Reader Power in the System:
In order to quantify the effect of the reader power and the contribution of in the EEH-C performance, Fig. 6 shows versus the reader power injected into node 1 and for the different WPT-S configurations. Continuous lines represent with the chip model generating a harmonic and dash lines represent with a linear chip model. The benefit, introduced only by the multisource operation, can be studied with the linear chip model when is not present. Looking at Fig. 6 in curves (b) and (d) in where the multisource is set and a linear chip model is considered (i.e., does not exist), the EEH-C conversion efficiency is higher respect to curve (f) in where only the reader is active.
The benefit introduced only by the rectification can be studied comparing the linear and nonlinear chip models when the WPT-S is off. Looking at Fig. 6 in curve (e) in where only the reader transmits and a nonlinear chip model is considered (i.e., exists), the EEH-C conversion efficiency is higher respect to curve (f), in where the chip has a linear model. Indeed the can be increased, so also , by increasing the reader power. However at higher levels, due to the saturation behavior of the diode at large signals, is limited and all curves converge.
2) Effects of the WPT-S Power in the System: Besides the contribution of
, the effect of the WPT-S power in the EHH-C conversion performance is studied. Fig. 7 shows versus the WPT-S power for three power cases: , and reader off, and for the two chip models (i.e., linear and nonlinear).
At low WPT-S power, the multisource operation cases (red and blue curves) allows achieving an enhancement of compared to the single WPT-S case (black curve), especially as high reader power. At high WPT-S power, the greater contributor to is the WPT-S, due to the optimized design of the EHH-C at 2.45 GHz. Combining both sources, in the best of the cases (blue curve with in respect to black curve), an RF-to-dc conversion efficiency 55% greater than the case using only the WPT-S is achieved. As a result, the approach of improving by means of a multisource operation and rectification is demonstrated by simulations.
V. EXPERIMENTAL EVALUATION
The aim of this section is to experimentally verify and quantify the nonlinear contribution of the proposed cooperative system considering a commercial RFID passive chip and also more complex WPT-S signals. As discussed in Section II, alternatively a finite bandwidth signal with arbitrary modulation can be expressed mathematically in a general form as a (multi-harmonic) signal with a time-varying envelope. Based on the described concept an emulated prototype is designed, and two kinds of experiments are performed in order to evaluate the RF-to-dc conversion efficiency of the EEH section in function of: (i) the composite signal (Section V-A); (ii) the WPT-S waveform, i.e., a finite bandwidth signal with arbitrary modulation, (Section V-B).
The complete setup is shown in Fig. 8 . Specific details are below described.
• The RFID section is composed by two parts: (i) the antenna emulator composed by two impedance tuners Microlab SF-30F connected in series to offer a power matching between reader, chip and EHH section; (ii) the RFID chip EM4325 shown in Fig. 8(a) is fixed in a SMA connector [9] ; when the matching is achieved, the chip response is detected by the reader.
• The TPMN shown in Fig. 8(b) is emulated by the combination of the impedance tuners with a first directional coupler with Coupling Factor . A trade-off power matching is done by activating the chip while maximizing the level at the input of the EEH section.
• A second directional coupler is used to couple the with the WPT-S signal and feed the EEH section.
• The EEH section shown in Fig. 8(c) is the same to the one designed in the simulation study. It is composed by a matching network in series with a single stage of a voltage doubler consisting of two Skyworks SMS7630 Schottkty diodes as in [13] . The dc section at the output consists of a low-pass filter capacitor and a resistor in where the dc level is measured.
• The Speedway Revolution RFID reader and an external source at 2.45 GHz (Agilent N5182A Vector Signal Generator (VSG)) represents the reader and the WPT-S respectively as above described. • For power tests, a digital Oscilloscope (Agilent 91204 DSO) is connected instead of the EEH section in order to measure the PSD of the input. Once all sections are integrated, a power matching trade-off is done with the impedance tuners. The principle is to activate the RFID chip (looking for the minimum chip activation threshold in the RFID reader) while maximizing the level at the input of the EEH section. The visualization of the PSD in the DSO allows performing this analysis.
Four main differences valorize this experimental evaluation from the reported one in [29] : (i) the reader, that activates the RFID chip, is always present, and it varies its power; (ii) the losses in the system are reduced due to the use of two directional couplers instead of three; (iii) the dc output of the EHH-C is not connected to the dc input of the chip because of the intention to quantify its value; (iv) a new definition of presented in Section IV-B, allows evaluating the EEH-C more accurately. Following the power limits defined in Section IV-A, and considering the described setup, the conducted power of the Speedway Revolution reader that activates the augmented tag is 17.5 dBm, and the maximum one is 31.5 dBm. After calibration, these values represent and (subtracting 26.5 dB of losses in the coupled path of Fig. 8 due to the CF and connectivity). Hereinafter the values of and are kept constant for all experimental tests. These power settings allow calculating the scaled read range of the augmented tag. Always considering a tag antenna of 0 dB gain and sensitivity, a read range of 4.8 m is estimated in over-the-air configuration complying with the regulations [28] , [30] . It is worth noting that the chip sensitivity of the chosen sample, i.e., , is not affected by the system integration, therefore the standard reading range for tags using this kind of chip is respected.
A. Multisource Power Dependency
This first analysis evaluates under a multisource operation scenario, i.e., in terms of the power simultaneously emitted by the RFID reader and the WPT-S. Fig. 9 depicts the measured dc output versus the WPT-S power for the two reader power configurations and without reader. Results for and reader off are quite close each other due to the losses introduced by the emulated TPMN; however the improvement of combining sources is still notable. Moreover, higher dc values are obtained for . In order to accurately calculate as in (1), an experimental PSD analysis at the input of the EEH section is necessary. The analysis is possible thanks to the use of the DSO. Fig. 10 , comparable with Fig. 5 , shows the normalized measured PSD of a multisource configuration (reader and WPT-S) firstly reported in [29] . When both sources are active, the PSD shows measurable values of (RFID communication signal), (signal to be harvested), and ( to be harvested). Performing the analysis with the setup above described, the experimental calculation of is possible. Fig. 11 shows versus the WPT-S power for both reader configurations and without reader, and compares the results to Fig. 10 . Normalized power spectral density visualized on the DSO when the sections are interconnected in the setup reported in [19] . When both sources are active, a richest spectrum favors the conversion efficiency of the harvester circuit. Fig. 11 . RF-to-dc conversion efficiency of the EEH-C in function of the input power at 2.45 GHz. In dashed line the simulated values. the ones obtained by simulation at the lowest power. An improvement of 8% in can be noted for at low WPT-S power (blue curve from to ) compared to the single WPT-S operation (black curve). As a result, the behavior predicted by simulations in Section IV-B is verified by measurement, i.e., the combined with the WPT-S signal triggers in an enhanced . Even if the magnitudes are less than the simulated ones (comparing simulated and measured cases); the experimental results validate the approach. Magnitude differences from the simulation results have two expected reasons: (i) losses in the emulated prototype (especially the use of a coupler in the TPMN and chip fixture); and (ii), differences in the commercial performance compared to the simulated model.
B. WPT-S Waveforms Dependency
The previous tests have considered the WPT-S transmitting a CW tone. In this part, a time-varying envelope signal generated at the input of the EHH section by the composite signal composed by the tone triggered by the multisource operation of the system and the harmonic RFID product. Hereinafter, and in addition to the composite tone signal approach, the WPT-S signal waveform is configured with the intention to study its effect on EEH section conversion efficiency. It is worth noting that during all tests the RFID reader and chip are communicating.
1) Studied Waveforms and Their Characteristics:
At the input of the EHH section, four kinds of composite waveforms are studied by combining a modulated signal from the WPT-S with the leaked signal at 0.868 GHz and the redirected . It is worth noting that the 0.868 GHz and signals are from the RFID communication using ASK modulation [28] . In the WPT-S, three modulations commonly used in wireless systems are set, in addition to the CW tone: Orthogonal Frequency-Division Multiplexing (OFDM), Gaussian Minimum-Shift Keying (GMSK), and Amplitude-Shift Keying (ASK). Fig. 12 shows the normalized PSD of the three modulated and the CW tone above considered. All signals are set with the same average power and centered at 2.45 GHz.
Using a Tektronix RSA5000 Spectrum Analyzer in the position of the DSO in Fig. 8 , the Complementary Cumulative Distribution Function (CCDF) of the envelope of the composite waveforms (WPT-S signal plus leaked 0.868 GHz signal and the redirected ) in function of the distance to its average power in dB is measured and results are shown in Fig. 13 . This plot gives information about the instantaneous power of the composite time signal. Actually, the value in where the CCDF curve intersects the x-axis indicates the maximum PAPR of the signal envelope; and therefore, the maximum PAPR of the signal can be estimated adding 3 dB to the PAPR of the signal envelope [10] . According to Fig. 13 , composite signals using OFDM in the WPT-S have the highest PAPR, followed by the ones using ASK and finally, very close to each other, are the one using GMSK and the CW tone, with PAPR values very close to zero due to the almost null variation of the envelope.
2) Effect of the Waveform in the Conversion Efficiency: In order to evaluate when different waveforms are used to operate the EEH section, the signal power is evaluated as the total average power in 14 MHz bandwidth around the carrier (see in Fig. 12 ). An accurate evaluation of should also consider the effect of the reader (the signal level entering to the EEH section at 2.45 GHz is slightly affected by the reader power as seen in Fig. 5 ), in this context a figure of gain is defined in (2) Efficiency gain (2) where and are the conversion efficiency of the EEH-C calculated for and , respectively. Measured values of the conversion efficiency and the power harvested in the EEH-C load are unfolded in Table II for At low WPT-S ("a" columns in Table II ), higher gain is obtained combining an optimum waveform with a high reader signal power, i.e.,
. At high WPT-S power, i.e., above in Fig. 14. ("b" column in Table II ), a negative figure of gain is obtained. This means that in a relative comparison, a higher is obtained when the WPT-S signals are combined with low power from the reader, i.e., as depicted in Table II . The same effect is explained in Section IV-B2 (see Fig. 7 ) for the case of CW tone.
Reported results show that the waveform can enhance the RF-to-dc conversion efficiency of the EEH-C. Considering the CCDF analysis, OFDM and ASK signals produce higher conversion efficiency because of their higher PAPR compared to GSM and CW signals [10] . The findings of using waveforms with high PAPR in order to increase the conversion efficiency agree with results postulated in the literature [10] , [12] , [14] [15] [16] [17] [18] [19] .
VI. CONCLUSION AND DISCUSSION
Nowadays RFID is a well-established technology for identification purposes. Moreover, due to its huge practical advantages such as passive and wireless features, it is more and more considered in order to enable many other applications under the paradigm of Internet of Things. This mainly consists to integrate more of functionalities to the RFID tags such as sensing and localization capabilities. Such an evolution of RFID tag structures requires new additional source of energy and also its optimized management.
This paper proposes and demonstrates the cooperative exploitation of two effects in order to improve the power budget available for augmented passive RFID tags. The first effect is related to the non-linearity of RFID chip that generates wasted power at the harmonic of fundamental frequency, i.e., 868 MHz in Europe. The second effect lies in the enhancing of the RF-dc conversion efficiency of rectifier circuits by applying multi-frequency excitation signal. Combining the exploitation of these two effects, a unique design is simulated and experimentally emulated. The developed prototype consists of an emulated RFID tag operating at 868 MHz and an Electromagnetic Energy Harvesting circuit operating at the 2.45 GHz ISM band corresponding to existing ambient transmissions, both integrated to operate with a mutual enhanced performance. Moreover, since the composite energy harvesting system exploits the nonlinear i-v characteristic of rectifier circuits using time-varying envelope signals, experiments using different waveforms, i.e., different digitally modulated signals in the 2.45 GHz source are performed. It is worth noting that the emulated prototype has not as objective to reproduce the simulated performances but to validate the exposed concepts using a commercial RFID chip. Three significant results are highlighted:
1) Simulation results based on a simplified chip model show enhancement in the RF-to-dc conversion efficiency when the cooperative operation, considering the RFID chip non-linearity is established. The conversion efficiency rises from 1% when the 2.45 GHz source transmits at and the RFID reader is off to 56% when the power injected into the augmented tag at 2.45 GHz (external source) is and the power injected at 0.868 GHz (RFID reader) is 5 dBm. 2) Experimental results also demonstrate an improvement in the RF-to-dc conversion efficiency when the cooperative operation, considering a commercial RFID chip and an emulated prototype, is established. An 8% enhancement in the conversion efficiency is achieved when the power injected into the tag at 2.45 GHz (using a CW tone) is and the power injected at 0.868 GHz is 5 dBm. 3) Experimental results show an RF-to-dc conversion efficiency enhancement using composite signals with high PAPR. The conversion efficiency rises from 14.41% when the composite system uses a CW signal at 2.45 GHz to 23.16% when it uses an OFDM signal. In this case the power injected into the tag at 2.45 GHz is and the power injected at 0.868 GHz is equal to the tag sensitivity i.e., and represents 4.8 m of estimated tag read range. Finally in terms of perspectives, further efforts can be devoted to the use of the cooperative integration milestones exposed in this paper in order to design a single and miniaturized device. Regarding the tag size, a final prototype of the augmented tag may be comparable with current passive RFID tags, e.g., a credit card size using a double face structure integrating an antenna and reducing costs seems feasible [24] .
Otherwise, the additional power produced by the cooperative RF harvesting could be profited by low-consumption electronics, e.g., humidity, temperature [24] , [25] , or air pollution sensors like the CleanSpace-Tag from Drayson-Technologies. Such an enhancement can be also potentially empowered in indoor scenarios where Wi-Fi sources can be seen as hot spots of the application. Furthermore, the read range enhancement can be an option when considerable power is harvested from the additional source (e.g., 2.45 GHz) compensating the propagation losses at 868 MHz.
